Two derivative of a tungstate duster containing 11 t u n g sten a t o m (W11P0,9SiR4-) have been synthesized which enable them to be covalently attached to b i o m o l d e s at specific sites. The tungstate duster is 1.0 nm in diameter, electron dense, and visible in the electron miaosmpe. One derivative is a W11-sulfonyl chloride, reactive with amines and sulfhydryls. The second compound is a Wii-thiolsul-
Introduction
A large number of electron-dense labels have been developed to enhance contrast in the electron microscope or to mark specific sites. Small, single heavy atom reagents, such as osmium tetroxide, lead citrate, or uranyl salts, are commonly employed. Larger particles include ferritin (12.5 nm) and various-sized gold colloids (3.0-50 nm). The enzyme peroxidase has also been used with great success, since its reaction with substrate yields a dense insoluble product. These reagents can be used as site-specific labels when coupled to antibodies or other directing moieties, such as avidin or biotin. Although these probes are ideal for many applications, their large size usually prohibits higher-resolution studies, such as marking protein subunits, molecular domains, active sites, or penetration into cells and accessing secluded antigens.
A relatively new development has been the use of undecagold clusters to label specific molecular sites (14, 17, 19) . These clusters have electron-dense cores only 0.8 nm in diameter. An immunolabel developed using undecagold and the Fab' fragment is the smallest gold immunoprobe developed for electron microscopy (4-6).
Another class of organometallic clusters that may be useful for labeling are the tungstate clusters. They have been used for many years as negative stains: silicotungstic (STA) and phosphotungstic acid (PTA). The structure of phosphotungstate, W~~P O~O -~, is shown in Figure 1 . It is referred to as the "Keggin" structure and has a diameter of 1.0 nm. These clusters were studied in the electron microscope (15) and were found to have the unusual property of virtually no beam damage, as measured by mass loss. This is in sharp contrast to most biological specimens and the undecagold cluster, which typically lose 34% and 39%, respectively, of their mass at a dose of 2400 clectronlnm2 (21). It was also calculated (12) that individual tungstate clusters could theoretically be seen at a dose of only 0.02 elcctrons/nm2.
A further development in the use of inorganic tungstate clusters as site-specific labels was the discovery that one of the tungsten atoms could be replaced with a silicon or tin atom with an organic group attached to it (11, 22) . This provided the necessary transformation of this unreactive inorganic molecule into one that could potentially have an organic group to direct the localization of the cluster or a reactive group that could label protein sulfhydryls or other specific sites. The attachment of long alkyl chains to make the tungstate a phospholipid analogue for labeling membranes is described in a companion report in this journal. Suitable derivatives for labeling proteins were reported by Lipka et al. (13) and . The latter work was based upon cyclopentadienyltitanium substituted tungstates. RC5H4TiPW1~039~-(R = organic group) and also described homologous derivatives of the slightly larger "Dawson" tungstate, RC5H4TiP2W170617-.
This report describes the synthesis of two wllPo3$-derivatives which are reactive with amino and sulfhydryl groups based on substitution using trichlorosilanes, C13SiR. They are the first protein site-specific labels reported and demonstrated in the elec- tron microscope, and they provide -1.O-nm resolution for labeling biomolecules. Their application to labeling a test protein, bovine serum albumin, and t o electron microscopy is described.
Materials and Methods
Synthesis of W11P039'-. WllP039'-was synthesized by the method similar to that of Tourne et al. (20) : NaHP04 . 7H2O + 11 Na2W04 . 2H20 + 17 HCl -. 6 Na7W11P039 + 17NaCI + 38H20 1.65 g Na2HP04 7H20 (268.07 glmol, 6.06 mmol) was dissolved in 30.0 ml H20. 20 .0 g Na2W04 H20 (329.86 glmol. 60.6 mmol) was dissolved in the solution with stirring and gentle warming to produce a clear solution. 8.4 ml conc. HCI (101.6 mmol) was added dropwise with rapid stirring over a period of 30 min. The mixture was titrated to pH 5.5-6.0 to give a clear solution and stirred for 10 minutes.
The Na7WllPO~9 in aqueous solution is not compatible with further reaction with the trichlorosilanes. which react with water. The "defect" tung state structure, W I I P O~~" , is therefore first converted to an organically soluble form by exchanging the sodium cations with tetra N-butyl ammonium cations, (n-C4H9)4Nt (TBA). A 4.5 molar excess of [n-C4H9N]4I (to the WllP039'-) was added as a solid or in concentrated water solution, whereupon a thick white suspension formed. The mixture was filtered and The latter ms further reacted with an equimolar amount of NaSS02CH3 (1) with gentle refluxing in CH3CN for 6 hr under nitrogen to yield [WIIPO~~S~(CH~)~SSO~CH~]~-Exchange to Sodium Form. Conversion to the Na' salt form from the (n-C4H9)4N' form was effected as follows: a fourfold molar excess of sodium tetraphcnylboratc (TPB) was added (to, e.g., 7 pmoles of tungstate product) in 1 ml of acetonitrile. This solution became cloudy with stirring for 15 min. Nitrogen was blown over this to remove the CH3CN. One ml of 0.2 M Na citrate buffer (pH 4.6) was added and stirred for 15 min; a white precipitate was formed. This suspension was centrifuged at 10,000 rpm (SS34 rotor) for 30 min and the clear supernatant was recovered. The following reaction describes this metathesis:
where Ph = phenyl.
An alternative methodology used ion exchange resins. The (n-QH9)4N' form of the WllP039SiR compound was dissolved in dimethylformamide (DMF) and adjusted to 75% DMF with water. A 0.66 x 15 cm TSK-DEAE anion cxchange column (Toyosoda packing material from Supelco, Bellcfontc, PA) was equilibrated in 75% DMF and the sample loaded. The column was flushed with water; then a gradient from water to 3M NaCl was run and the tungstate eluted at 1-2 M. This product was loaded on a 0.66 x 30 cm CM Scpharose Fast Flow cation exchange column (Pharmacia; Pis.
cataway, NJ) which was pre-conditioned with three column volumes of 1 M NaOH, then 10 column volumes of water. The eluted product was the Na' form and water soluble. This procedure works only for the thiolsulfonate tungstate because the sulfonyl chloride derivative reacts with the amino groups on the first DEAE column.
Exchange to Triethylammonium Form. The Na' forms of the compounds were metathesized to the triethylammonium form, (C2H5)jNH' (TEAH), by mixing triethylamine with 20% water for 15 min, removing the aqueous layer, and loading 3 column volumes onto a 0.66 x 15 cm cation cxchange column (Bio-Rad, Richmond, CA; AGSOWX-8, 100-200 mesh, H' form), then rinsing with 10 column volumes of water. The Na' form of the tungstate was loaded onto this column and the TEAH' form was recovered and was water soluble.
Size-exdusion Chmatognphy. The organically soluble tungstate forms with the (n-C4H9)4N' cations could be purified on a GP2980 organic gel filtration column (Phenomencx; Torrance, CA), which showed good rcsolution betwcen the WllPO39 tungstate clusters and smaller molecules such as benzene.
The water-soluble tungstates (Na' or TEAH') could be purified using a 0.66 x 50 cm GH25 column (Amicon; Danvers, MA) with water as the eluent; use of salt buffers degraded most separations with this column material.
Protein Labeling. Several methods were employed to effect labeling. One protocol used the TBA forms of the tungstates. Protein 0.2 mg in water or 50 mM Na phosphate. pH 6.0, was mixed with a 2-to 20-fold molar excess of the tungstate in DMF or DMSO to give a final concentration of 20% DMF or DMSO. A second method was to mix the Na or TEAH tung state forms in water or buffer with the protein (with no DMF or DMSO). In both these cases the reaction went overnight at 4'C. The product was then Concentrated on a Centricon 30 (Amicon) and gel-filtered on a Zorbax GF250 column (MacMod; Chadds Ford, PA) running in 0.2 M ammonium acetate adjusted to pH 5.5. With the sulfonyl chloride, wious higher pHs (up to 8) were investigated at various times to enhance reactivity with amines.
The thiolsulfonate dcrivativc was subjected to a further labeling method:
the Na' or TEAH' form was reduced with 50 mM dithiothreitol (IYIT) for 1 hr at room temperature to form a thiol moiety. Excess DTT was removed by the GH25 gel-cxclusion column described above. The W I I compound was then mixed with a 50-fold molv excess ofN,N, 1,4-phenylene dimaleimide (PDM; Aldrich, Milwawkce, WI) in a final solution containing 50 mM phosphate. had its free thiols blocked by mixing with a 50-fold molar cxccss of NEM in a final solvent of 0.1 M Na phosphate buffer. pH 6.5. and 20% DMSO overnight at 4%. They were then concentrated by Centricon 30 and purified on the GF250 column described above.
Electron Microscopy. Samples were prepared for scanning transmission electron microscopy (STEM) as previously described (16). Basically, the samples were applied to an EM grid at 10 pglml of protein, allowed to attach for 1 min, washed with several drops of 20 mM ammonium acetate (pH 5 , 5 ) , and quick-frozen in nitrogen slush. They were then freeze-dried slowly overnight. The Brookhaven STEM has 0.25 nm resolution and a cold stage operating at -150'C. Images were recorded in a 512 x 512 pixel format using the large-angle $astic scattering (half angle 40-200 mrad) with a typical dose of 1.5 x lo4 clcctronslnm2.
Conventional transmission electron microcopy (CTEM) was done with a Phillips 300 at 80 kV. Grid preparation of the tungstate was to apply a 10" M solution to the EM grid for 1 min and wash as described above.
Quantitation of Labeling by UV Spectroscopy. The rungstates do not have any visible absorbance. However, their w absorbance differs from that of proreins, and by assuming that the labeling with tungstates of a protein results in a linear combination of their respective spectra, the amount of each can be calculated from solving the simultaneous equations using absorbance at, e.g., 280 and 250 nm (6). The extinction coefficient of the W I~ compounds was taken to be 1.1 x lo4 M-lcm-' at 280 nm and 3.0 x lo4 at 250 nm. For BSA these were 4.36 x lo4 and 2.27 x lo4, respectively. The formula: R = (4.36 * OD2jo-2.27 * OD280)/(3.0 * OD280 -1.1 * OD250) was used to calculate R, the number of Wl1 clusters per protein molecule.
Results
Electron microscopy of fiW12Si040 clusters using STEM is shown in Figure 4 and CTEM in Figure 5 . The difference between W11 and Wl2 clusters is not readily apparent from microscope images. These clusters are very beam resistant, showing virtually no mass loss at high doses, up to 1.3 x 10' electrons/nm2 or more (15) . The two clusters synthesized are shown schematically in Figures 2  and 3 . The sulfonyl chloride (Figure 2) is reactive towards amines and sulfhydryls, whereas the thiolsulfonate (Figure 3 ) will react with thiols to produce disulfides (1) or, as also used in this study, may be reduced to a thiol, then reacted with a maleimide cross-linker. Bovine serum albumin (BSA; MW 68,000) was used as a test protein for labeling in this report because of its 0.7 free thiol groups per molecule (2) and its facile chromatographic purification, which separates any dimers or multimers, if formed, and also separates any excess tungstates not tightly bound. A low-magnification image of BSA as observed in the STEM is shown in Figure 6 . No negative staining or shadowing is required to visualize these molecules in darkfield. The W11-sulfonyl chloride cluster was treated with TPB and recovered in the Na+ form, then reacted with BSA. This W11 compound is expected to react at the 0.7 free thiols per molecule; however, it also reacts with primary amines, so other amino acids should also react. By increasing the ratio of W11-sulfonyl chloride mixed with protein, an increasing number of sites per BSA molecule could be labeled. Images of these results are shown in Figures 7 and 8 where the labeling ratio is close to one W11 cluster per BSA molecule.
The second compound evaluated was the W11-thiolsulfonate. It should attach specifically to BSA through the free sulfhydryl groups. This cluster was treated with TPB to convert it to the Na' form. When reacted with BSA in 5-fold molar excess, most of the BSA molecules had one or two W11 clusters attached (Figures 9, 10, 11, and 12) , although one preparation had two to five clusters per molecule ( Figure 13 ).
Ion exchange of Na' for TEAH' in the W11-thiolsulfonate cluster produced much better controlled labeling, giving with a 10-fold molar excess of W11 cluster a labeling of close to 70% of the BSA molecules with one Wii cluster attached ( Figure 14) . As a control, the free sulfhydryls on BSA were first blocked with N-ethylmaleimide (NEM). When reacted with the W11-thiolsulfonate (TEAH' form) in 10-fold molar excess over the BSA, no. labeling was found by either uv spectroscopy or electron microscopy.
Another sulfhydryl coupling reaction was performed to produce more stable covalent bonds than the disulfide product just described. The W11-thiolsulfonate was reduced and linked to a dimaleimide homobifunctional cross-linker. After column purification this was reacted with BSA with a 10-fold molar excess of cluster. This produced a labeling ratio of -0.17, i.e., where 17% of the BSA molecules had a tungstate cluster attached.
As a further control, and to address the issue of possible nonspecific (ionic) binding of tungstates to proteins, the underivatized silicotungstatic acid (H4W12Si040; STA) was incubated with BSA. STA in 10-fold molar excess to BSA quantitatively precipitated the protein and virtually no protein would then enter the GF25O size exclusion column. If the STA was converted to the tetrabutylammonium (TBA) salt, this was not water soluble, and after incuba- tion with BSA most of the BSA was recovered but was unlabeled. When the STA-TBA was incubated with 'JSA with 20% DMSO or DMF to give a soluble system, again BSA wa; recovered with no tungstate attached. Conversion to the tetramethylammonium (TMA) cation caused most of the protein to aggregate and precipitate when mixed with BSA. The small amount of remaining monomeric BSA after column purification indicated an uptake of tungstate to the level of 0.2 clusters (average) per BSA molecule by w spectroscopy. When the cation used was triethylammonium (TEAH), no precipitates formed and the BSA was recovered in good yield and showed no tungstate attached. When tetraphyenylborate (TPB) was used to convert the derivatized tungstate (Figure 3) to the Na+ form and this was incubated in a 10-fold molar excess with BSA overnight, no precipitate formed and virtually all of the protein was recovered in monomeric form. This may indicate partial cation exchange from TBA' to Na*. These results indicated the importance of the cation (IO), and that by using TEAH' (preferably), TPB-treated tungstate, or 20% DMSO or DMF with the TBAtungstate/protein reaction, most nonspecific interaction with BSA in aqueous solution can be avoided.
Discussion
Two new 11 tungsten atom clusters have been synthesized and shown to react with a model protein. One functionality, the sulfonyl chloride, reacts with amines and sulfhydryls, whereas the other, a thiolsulfonate, reacts with sulfhydryls. The attachment of these compounds to BSA has been verified by column chromatography, w spectroscopy, and electron microscopy.
There are several potential difficulties with these tungstate labels. (a) They are polyanions and as such can ionically interact with proteins, especially basic ones (18) . Such nonspecific bonding prompted Keana et al. (10) to synthesize rather complex cations to shield the charge on tungstates. In the work presented here, the use of triethylammonium (TEAH+) was found to prevent protein aggregation. (b) pH stability of the tungstates is another important consideration. w12P04o4-is stable from pH 3-4, w1iP039~-is stable from pH 5.5-7.5 (18), and W11P039SnR*-derivatives are stable from pH 4-6 (22) . The pH stability of the W11PO39SiR4-clusters used in this report was not thoroughly studied but probably falls in the 4-6 range. The sulfonyl chloride derivative reacts with unprotonated amines which react best at wpH 8; this may pose some incompatibility for optimal reaction, although labeling was observed at lower pHs. One must also be aware of the non-negligible water hydrolysis of the sulfonyl chloride group. The thiolsulfonate, on the other hand, may be a better choice, since it may slowly waterhydrolyze to a thiol but is then stable as a thiol and can be crosslinked efficiently with maleimides at pH 6.
The compounds described here, W11P039SiR4-, where R is sulfonyl chloride or thiolsulfonate, should be monofunctional. They were formed by equimolar combination of Wl1P039~-and CI3SiR. It has been reported by Knoth (11) , however, that addition of 2 equivalents of Cl3SiR to W I 1SiP03y5-forms the stable cluster WllSiO40(RSi)2~-, which is bifunctional. One might expect extensive cross-linking to occur with such reagents. By using the proper cation with the compounds we report, no unusual or notable dimerization or polymerization of protein occurred.
These labels are the highest-resolution probes available for clectron microscopy (along with undecagold and tetrairidum) (3). Other single heavy atom reagents or smaller clusters would have even higher resolution, but either are not visible at moderate doses (<lo6 e/nm2) as single entities or have not yet been developed. The resolution of these W11 probes is determined by the distance from their attachment site to the center of the cluster, which calculates to be ~1 . 2 nm. The second method of labeling with the thiosulfonate, by using the dimaleimide, places the tungstate further away but also provides a method of labeling when steric hindrance is a problem. The easy substitution of various dimaleimide compounds provides a range of tether lengths to work with.
Although these tests were confined to one protein, many other possibilities can be imagined. Other proteins, antibodies, nucleic acids, lipids or carbohydrates may be labeled by these methods, or by altering the coupling chemistry slightly. Also, multicomponent complexes (such as ribosomes) could be amine-labeled, for example, dissociated, and labeled and unlabeled subunits reconstituted to map the position of the labeled subunits.
These W11 clusters are small and hence difficult to see in the CTEM (Figure 5 ) . Visibility in thin sections will be worse than on the thin carbon films used in this report. Therefore, the delineation of individual clusters may not be realized in these applications. However, labeling of multiple sites will be visible and these probes should therefore find application to high-resolution CTEM labeling. 
